The influence of cell dose and human leukocyte antigen (HLA) match on doubleunit cord blood (CB) engraftment is not established. Therefore, we analyzed the impact of cell dose and high-resolution HLA match on neutrophil engraftment in 84 double-unit CB transplant recipients. The 94% sustained engraftment rate was accounted for by 1 unit in nearly all patients. Higher CD3 ؉ cell doses (P ‫؍‬ .04) and percentage of CD34 ؉ cell viability (P ‫؍‬ .008) were associated with unit dominance. After myeloablative conditioning, higher dominant unit total nucleated cell (TNC), CD34 ؉ cell, and colony-forming unit doses were associated with higher sustained engraftment and faster neutrophil recovery (P ‫؍‬ .07, P ‫؍‬ .0008, and P < .0001, respectively). Total infused TNC (P ‫؍‬ .0007) and CD3 ؉ cell doses (P ‫؍‬ .001) also significantly influenced engraftment. At high-resolution extensive donor-recipient HLA disparity was frequent, but had no influence on engraftment (P ‫؍‬ .66), or unit dominance (P ‫؍‬ .13). Although the unit-unit HLA match also did not affect sustained engraftment (P ‫؍‬ 1.0), recipients of units closely (7-10 to 10-10) HLA-matched to each other were more likely to demonstrate initial engraftment of both units (P < .0001). Our findings have important implications for unit selection and provide further insight into double-unit biology. (Blood. 2011;117(12): 3277-3285)
Introduction
Unrelated donor cord blood (CB) has the advantages of rapid availability 1,2 and less stringent requirement for human leukocyte antigen (HLA) match, but single-unit CB transplantation (CBT) is limited by low total nucleated cell (TNC) dose. Double-unit CBT as a strategy to augment the cell dose of the graft has been successful with improved sustained donor engraftment and posttransplantation survival compared with historic single-unit controls. [3] [4] [5] [6] [7] Therefore, double-unit CBT has been widely adopted. Interestingly, in almost all double-unit CB transplant recipients, sustained hematopoiesis is accounted for by only 1 of the 2 units, An Inside Blood analysis of this article appears at the front of this issue.
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and single-unit dominance is frequently detected as early as day 21 after transplantation. 4, 5, 7, 8 However, the determinants of engraftment after double-unit CBT remain poorly understood making optimal selection of double-unit grafts challenging. Although the importance of the TNC and CD34 ϩ cell dose, and from 4/6 to 6/6 HLA-A, HLA-B antigen, HLA-DRB1 allele matching in determining single-unit CB engraftment is well documented, 9-15 the effect of the same variables on the kinetics of engraftment after double-unit CBT has not been adequately demonstrated. [4] [5] [6] 8, 16 In addition, because donor-recipient matching at 6 HLA loci (HLA-A, HLA-B antigen, and HLA-DRB1 allele) is the current standard for CB unit selection, relatively little is known about the influence on engraftment of matching at 10 HLA alleles (HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQ), with no 13, 17 or minimal 18 influence detected after single-unit CBT, and limited investigation reported in double-unit CBT to date. Moreover, the requirement for HLA-matching between the 2 units of a double-unit graft is based on empiric considerations.
We, therefore, investigated how the infused cell dose and HLA match (at 6 HLA loci and at 10 HLA alleles) between unit and recipient, as well as between the 2 units of the graft, influence the likelihood of sustained donor engraftment, speed of engraftment, and unit dominance in 84 double-unit CB transplant recipients at our institution. Elucidating the mechanisms of engraftment and unit dominance after double-unit CBT is of great scientific interest, especially given the recent reports of a reduced incidence of relapse in double-unit compared with single-unit CB transplant recipients. 19, 20 Improved understanding of the determinants of engraftment after double-unit CBT also has practical implications for the selection of each unit of a double-unit graft.
Methods

Patient and graft characteristics
A total of 84 consecutive recipients of first allograft with high-risk hematologic malignancies underwent transplantation with double-unit CB grafts at our center between October 2005 and October 2009 (Table 1) . Double-unit grafts are used exclusively at our institution to augment engraftment after CBT, regardless of recipient age or body weight. The median patient age was 36.5 years (range, 0.9-66 years) and median patient weight was 68 kg (range, 7-117 kg). Sixteen patients were younger than 18 years of age at the time of transplantation, and 68 patients were of adult age. Patients were enrolled on protocols NCT00388102, NCT00387959, NCT00423514, NCT00514579, NCT00574496, and NCT00739141 as trials registered at www.clinicaltrials.gov.
Patients ineligible for protocol were consented to equivalent treatment plans. All patients received fludarabine-based conditioning except 4 in whom this drug was substituted with clofarabine. Conditioning was myeloablative (n ϭ 61), or nonmyeloablative (n ϭ 23), according to patient age, extent of prior therapy, comorbidities, and diagnosis as previously described. 7 No patient received antithymocyte globulin, and all received immune suppression with a calcineurin inhibitor (predominantly cyclosporin A) and mycophenolate mofetil. Mycophenolate mofetil was continued until day 45, and then either stopped or tapered according to protocol. The calcineurin inhibitor was continued until at least day 100, and then tapered in the absence of graft-versus-host disease (GVHD). All patients received granulocyte colony-stimulating factor (usually 5 g/kg/d to a maximum of 480 g either intravenously or subcutaneously) starting day 1 after transplantation (in the setting of high-dose total body irradiation) or day 7 after transplantation (all other patients), and continued until neutrophil recovery to Ն 2.5 ϫ 10 9 /L for at least 2 consecutive days. Patients with markedly delayed engraftment were increased to 12-hourly dosing at the discretion of the treating physician. Patients or their guardians provided written informed consent before transplantation and also consented to analysis of transplantation outcomes for research purposes in accordance with the Declaration of Helsinki, with approval from the Memorial Sloan-Kettering Cancer Center Institutional Review Board. Data were obtained from the prospectively maintained Memorial Sloan-Kettering Cancer Center bone marrow transplant database. The median follow-up of survivors was 23 months (range, 4-53 months).
All CB units had a minimum cryopreserved TNC dose of 1.5 ϫ 10 7 /kg recipient body weight. Above this cell dose threshold, priority was given to the unit-recipient HLA match at HLA-A and HLA-B antigens at intermediatelevel resolution (including the serologic equivalent of "splits"), and at HLA-DRB1 alleles. Units with attached segments for identity testing were given preference, and the bank of origin was also taken into account because in our experience this factor can influence the speed of unit acquisition, reliability of product information, and unit quality. 8 Highresolution typing of HLA-A, HLA-B, HLA-C, HLA-DRB1 and HLA-DQ was performed on all patients and units, but HLA allele match at loci other than HLA-DRB1 usually did not affect unit selection unless multiple units of similar HLA-A, HLA-B antigen, and HLA-DRB1 allele match grade and TNC dose were available. The majority (n ϭ 163) of units were at least partially red blood cell-depleted before cryopreservation, whereas 5 units were not (only plasma depleted). Only 1 non-red blood cell-depleted unit was permitted per double-unit graft. Unit characteristics are summarized in Table 1 .
CB unit thaw and unit assessment
The majority of units (n ϭ 153, 91%) underwent albumin-dextran reconstitution after thawing, 7 whereas 15 (9%) were thawed and washed with centrifugation. 21 Units were infused sequentially within approximately CML indicates chronic myelogenous leukemia; MDS, myelodysplasia; and TBI, total body irradiation.
*The number of units (%) with a unit-recipient HLA match of 6/6, 5/6, and 4/6 are shown with the range of HLA match of these units to the recipient at high resolution.
2 hours of thaw with an interval of usually less than 45 minutes between units. A small aliquot was removed from the final product of each unit for TNC measurement and flow cytometric assessment of CD34 ϩ and CD3 ϩ cell counts and viability by 7-aminoactinomycin D staining. 8 The infused viable CD34 ϩ cell dose per kilogram was calculated using the equation (TNC ϫ percentage of CD45 ϩ cells that are viable ϫ percentage of CD34 ϩ cells in the sample) divided by weight of the patient. A similar equation was used to calculate the infused viable CD3 ϩ cell dose. Colony-forming unit (CFU) assays (burst-forming units erythroid, granulocyte-macrophage progenitors, and CFU granulocyte-erythrocyte-macrophage-megakaryocyte progenitors combined) were performed on all CB units using a total of 1 ϫ 10 5 cells plated in duplicate. Colony growth was evaluated by light microscopy at 14 days. The original cryobag was sent to the Diagnostic Molecular Pathology Laboratory for DNA extraction and assessment of donor polymorphisms.
Assessment of donor engraftment
All patients were alive on day 14 after transplantation and therefore subject to evaluation for donor-derived neutrophil engraftment. Time to neutrophil recovery was defined as the first of 3 consecutive days with an absolute neutrophil count of at least 0.5 ϫ 10 9 /L after the posttransplantation nadir. Donor chimerism was determined serially on bone marrow samples at approximately day 21, 100, 180, and 1 year after CBT, and on whole blood samples on day 28, 60, 100, 180, and 1 year after transplantation (with additional time points as clinically indicated). Donor chimerism using quantitative polymerase chain reaction assays of informative polymorphic short tandem repeat regions of DNA distinguished each donor unit and recipient. 4 Sustained engraftment was defined as sustained donor-derived neutrophil recovery with donor chimerism of at least 90% (both units combined). The dominant unit was defined either as the only unit detected, or, in the case of the presence of 2 units, the unit contributing more than 50% of the total donor chimerism in serial testing. Graft failure was defined as the lack of sustained neutrophil recovery of 0.5 ϫ 10 9 /L or more regardless of donor chimerism with cause of death because of graft failure defined according to the algorithm by Copelan et al 22 In addition, autologous recovery was also defined as failure of donor engraftment. Secondary graft failure was defined as a drop in neutrophil count to 0.5 ϫ 10 9 /L or less for at least 14 consecutive days after initial donorderived neutrophil recovery.
Statistical analyses
The influence of infused cell dose, percentage CD34 ϩ cell viability, and HLA match level on the likelihood of sustained donor engraftment, the speed of donor-derived neutrophil recovery, and unit dominance were analyzed. Only recipients of myeloablative conditioning were included in analyses assessing the speed of neutrophil recovery given the majority of nonmyeloablative CB transplant recipients have early autologous neutrophil recovery after transplantation before transitioning to donor-derived hematopoiesis. All patients were included in all other analyses.
The probability of donor-derived neutrophil engraftment was estimated using the cumulative incidence function with early death as the competing risk. Kaplan-Meier methodology was used to investigate engraftment kinetics in the subanalysis of recipients of myeloablative conditioning who engrafted (excluding graft failures). Wilcoxon rank-sum test was used in analyses of cell dose and HLA match and time to neutrophil recovery in addition to analyses of continuous or ordinal level factors associated with engraftment. Fisher exact test was used to examine the relationship between cell dose parameters and HLA match on sustained donor engraftment, and the association between HLA match and the persistence of the nondominant unit. To study variables associated with unit dominance, a Wilcoxon signed-rank test was used for continuous factors, and a McNemar test was used for categorical factors. A P value of .05 or less was considered to be statistically significant.
Results
Neutrophil engraftment and donor chimerism
Double-unit CB transplant recipients have a high incidence of sustained donor engraftment, which was almost always accounted for by 1 unit. Overall, 79 of 84 patients had sustained donor engraftment. The cumulative incidence of sustained donor engraftment was 93% (95% confidence interval [CI], 87%-100%) in myeloablative transplant recipients with a median time to neutrophil recovery of 23 days (range, 12-43 days). There were 4 recipients of myeloablative conditioning who had graft failure (3 primary, 1 early secondary), all of whom died. The majority of nonmyeloablative transplant recipients had early and transient autologous recovery contributing to an earlier median time to neutrophil recovery of 9.5 days (range, 7-36 days). Sustained donor-derived neutrophil engraftment was subsequently achieved in 96% (95% CI, 85%-100%) of nonmyeloablative CB transplant recipients, with only 1 patient having primary graft failure and autologous recovery. Although a dominant unit was evident by chimerism studies in all 5 of the graft failure patients in the study, donor hematopoiesis from that unit did not result in sustained donor-derived count recovery.
Donor hematopoiesis was detected in the bone marrow of all of 83 patients analyzed on day 21 after transplantation, and 1 additional nonmyeloablative CB transplant recipient was 100% donor when evaluated for the first time at day 28. Donor hematopoiesis in the day-21 bone marrow was derived from a single unit in the majority of patients regardless of conditioning intensity: 53/61 (87%) recipients of myeloablative CB transplants and 14/22 (64%) recipients of nonmyeloablative CB transplants including 4 of the 5 patients who had clinical graft failure. Both units were present in the day-21 bone marrow of the remaining 8 myeloablative and 8 nonmyeloablative CB transplant recipients (including 1 patient who had graft failure). However, in the patients with engraftment of both units, 1 unit dominated, and in nearly all engraftment of the dominant unit progressed such that sustained engraftment of both units was observed in only 1/43 patients at 1 year and beyond.
Analyses of cell doses
Higher infused TNC, CD34 ؉ cell, and CFU dose of the dominant unit is associated with higher likelihood of sustained donor engraftment and faster neutrophil recovery after myeloablative conditioning. Given that hematopoiesis was derived from a single (dominant) unit in the majority of patients, the relationship between the infused TNC, CD34 ϩ cell, CFU, and CD3 ϩ cell doses of the dominant unit and the likelihood and speed of neutrophil engraftment was examined by univariate analysis in the 61 patients who received myeloablative conditioning. A TNC, CD34 ϩ cell, and CFU dose of the dominant unit at or above the median were each associated ( Figure 1A -C) with enhanced neutrophil engraftment (P ϭ .07, P ϭ .0008, and P Ͻ .0001, respectively). Thus, in recipients of myeloablative CB transplants, the cumulative incidence of sustained donor engraftment for recipients with dominant unit cell doses equal to or above the median was 97% (95% CI, 87%-100%) for TNC, 97% (95% CI, 87%-100%) for CD34 ϩ cells, and 100% for CFU. The influence of the CD3 ϩ cell dose of the dominant unit on engraftment ( Figure 1D ) was not statistically significant (P ϭ .09).
When only engrafting myeloablated CB transplant recipients were analyzed, the significant relationships between TNC, CD34 ϩ cell, and CFU dose of the dominant unit and speed of neutrophil recovery were maintained (P ϭ .01, P ϭ .0004, and P ϭ .001, respectively). 
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Higher infused total graft TNC, CD34 ؉ cell, CFU, and CD3 ؉ cell dose is associated with higher likelihood of sustained donor engraftment and faster neutrophil recovery after myeloablative conditioning. To investigate the influence of total graft cell dose on the probability of and time to neutrophil engraftment, the cell doses of both CB units combined (dominant ϩ nondominant) were analyzed in the 61 recipients of myeloablative conditioning. Interestingly, although the influence of the total graft CD34 ϩ cell and CFU doses had a lesser impact on engraftment (P ϭ .08 and P ϭ .02, respectively) than those doses of the dominant unit, the effects of the total TNC (P ϭ .0007) and CD3 ϩ cell dose (P ϭ .001) on the likelihood and speed of engraftment were highly significant (Figure 2A-D) .
Based on the observation that total graft cell doses influenced engraftment, the effect of the cell doses of the nondominant (nonengrafting) unit was then examined. A higher TNC dose of the nondominant unit was also associated with enhanced neutrophil engraftment in recipients of myeloablative conditioning (P ϭ .03), but the CD34 ϩ cell (P ϭ .95), CFU (P ϭ .71), and CD3 ϩ cell (P ϭ .20) doses had no influence ( Figure 3A-D) .
A higher percentage of viable CD34 ؉ cells in the dominant unit is associated with an increased likelihood of sustained donor engraftment. We next investigated the influence of the percentage of viable CD34 ϩ cells after thawing on the likelihood of sustained donor engraftment (vs graft failure) in all CB transplant recipients regardless of conditioning intensity. As we have previously shown that units with a post-thaw CD34 ϩ cell viability of Ͻ 75% are very unlikely to engraft, 8 we used this threshold in our analysis. comparing the CD34 ϩ cell viability of the dominant unit in the 79 patients with sustained donor engraftment with the dominant units in the 5 patients with clinical graft failure, a CD34 ϩ cell viability at 75% or higher (P ϭ .03) in the dominant unit was associated with an increased likelihood of sustained donor engraftment (Table 2) .
Neither the likelihood of engraftment nor the speed of neutrophil recovery is influenced by the presence of 2 CB units early after transplantation. Because some investigators have suggested that initial engraftment of both units may be advantageous, we next examined whether the probability or the speed of neutrophil engraftment was enhanced if both units engrafted. When the analysis included all CB transplant recipients, we found the likelihood of donor engraftment was not influenced by the presence of 1 unit compared with 2 CB units in day-21 bone marrow (data not shown). Moreover, in myeloablative CB transplant recipients, there was no difference in the speed of neutrophil recovery among the patients who had 2 CB units detected in the day-21 bone marrow and those patients who engrafted with a single unit (29 Engrafting patients were more likely to have dominant units with a high CD34 ϩ cell viability (Ն 75% after thaw).
*Patients with clinical graft failure had a dominant unit detected by chimerism studies, but the donor hematopoiesis did not result in sustained count recovery.
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BLOOD, 24 MARCH 2011 ⅐ VOLUME 117, NUMBER 12 For personal use only. on April 14, 2017. by guest www.bloodjournal.org From Higher CD3 ؉ cell dose and CD34 ؉ cell viability > 75% are associated with unit dominance. We next analyzed the relationship between infused cell doses and percentage CD34 ϩ cell viability and which unit dominated in engraftment in the 79 patients with sustained donor engraftment. Although there was no difference in the infused TNC, CD34 ϩ cell, or CFU doses of the dominant and nondominant units in engrafting patients, dominant units had a higher CD3 ϩ cell dose (median 3.9 vs 3.3 ϫ 10 6 , P ϭ .04; Table 3 ). Dominant units were also more likely to have a CD34 ϩ cell viability of 75% or higher (P ϭ .008).
Analyses of HLA match
Unit-recipient HLA match does not influence the likelihood of sustained donor engraftment, time to neutrophil recovery, or unit dominance. CB units were often markedly HLA-mismatched to the patient when analyzed at high resolution ( Table 1 ). The median unit-recipient HLA-allele match of the 168 CB units was 6/10 (range, 2/10-9/10). When all patients were analyzed, no relationship was found between unit-recipient HLA match and the likelihood of sustained donor engraftment at HLA-A, HLA-B antigen, HLA-DRB1 allele match, or at high-resolution HLA match (Figure 4) . Furthermore, in recipients of myeloablative conditioning with sustained donor engraftment (n ϭ 57), unit-recipient HLA match of the dominant unit was not associated with the speed of neutrophil recovery when evaluated at either 6 HLA loci (HLA-A, HLA-B antigen, HLA-DRB1 allele, P ϭ .81) or 10 HLA alleles (P ϭ .34). Finally, there was no relationship between unitrecipient HLA match and unit dominance (Figure 4 ) when analyzed at HLA-A, HLA-B antigen, HLA-DRB1 allele level (P ϭ .31) or at high-resolution level (P ϭ .13).
Unit-unit HLA match does not affect sustained donor engraftment or speed of neutrophil recovery. CB units also had a high degree of HLA-mismatch to each other. Although the majority of double-unit pairs (n ϭ 84) were 4/6 (range, 2/6-6/6) HLA-A, HLA-B antigen, HLA-DRB1 allele matched to each other, they were a median of only 5/10 (range, 1/10-10/10) HLA-matched to each other at high resolution. Notably, when all patients were analyzed, there was no difference between the degree of unit-unit HLA match in patients with sustained donor engraftment and those patients with graft failure at either level of resolution ( Figure 5 ). Furthermore, unit-unit HLA match at either match grade did not influence speed of neutrophil recovery in recipients of myeloablative CBT (data not shown).
High level of unit-unit HLA match is associated with an increased likelihood of engraftment of both units. We then examined the relationship between the unit-unit HLA allele match and the length of time that the nondominant unit can be detected after transplantation. As shown in Table 4 , a closer HLA match, at either 5/6 to 6/6 loci (compared with 1/6-4/6) or 7/10 to 10/10 alleles (compared with 1/10-6/10), between the units was strongly associated with the initial detection and transient persistence of the nondominant unit. This relationship was observed for recipients of both myeloablative and nonmyeloablative conditioning. In addition, to ensure a CD34 ϩ cell viability difference between the unit pairs did not explain this finding, a subgroup analysis was performed in those patients in whom both units had CD34 ϩ cell viability of 75% or more. This analysis also demonstrated a highly significant association between closer unit-unit HLA match and transient persistence of the nondominant unit (data not shown). Notably, thus far, sustained engraftment of both units has only been seen in 1 patient beyond 6 months after transplantaion. This 1 patient received 2 CB units each with a high CD34 ϩ cell viability that were both 9/10 HLA-matched to the recipient and to each other.
Discussion
This is the first detailed analysis evaluating the effect of cell dose and high-resolution HLA match on the probability and speed of engraftment after double-unit CBT in 84 patients transplanted at a single institution. We demonstrate that the infused TNC, CD34 ϩ cell, CFU and CD3 ϩ cell doses, the post-thaw percentage of CD34 ϩ cell viability, and HLA match each influence different aspects of double-unit engraftment. The high incidence of sustained donor engraftment we observed after double-unit CBT is similar to previous reports. [3] [4] [5] [6] [7] Notably, consistent with the role of CD34 ϩ cell and CFU dose in single-unit CBT, [9] [10] [11] [13] [14] [15] 23, 24 we found that a higher CD34 ϩ cell and CFU dose of the dominant unit were strongly associated with enhanced engraftment after myeloablative conditioning. Interestingly, the impact of the total graft CD34 ϩ cell and CFU doses on engraftment were much less significant, and the corresponding cell doses of the nondominant unit had no influence at all. Haspel et al 16 have also reported that a higher CD34 ϩ cell dose of the dominant unit is associated with faster neutrophil recovery.
It is intriguing that we also found a strong association between the total TNC and CD3 ϩ cell doses and engraftment, especially given this relationship had a greater significance than the TNC and CD3 ϩ cell doses of the dominant unit. We speculate that T cells, even if not contributing directly to sustained engraftment (as in the case of the nondominant unit), may afford a graft-facilitating effect in a dose-dependent manner. This hypothesis, and the degree to which variations in the nondominant unit cell dose could influence the engraftment of the dominant unit, will need to be further analyzed in a larger series that would permit multivariate analyses. In the meantime, our demonstration of the critical importance of the dominant unit CD34 ϩ cell and CFU doses suggests that, as with single-unit CBT, cell dose remains a critical attribute of the graft. This is a further argument to standardize progenitor cell measurements between CB banks that could be used in unit selection. Furthermore, we show that the percentage of CD34 ϩ cell viability, which is a reflection of unit quality, is important not only as a determinant of unit dominance, 8 but also has significant association with the risk of graft failure.
Although yet to be proven in randomized studies, it has been suggested that the association of double-unit CBT with more rapid neutrophil recovery, 4 compared with single-unit historical controls, 11 may be because of transient engraftment and a temporary contribution to neutrophil recovery of the nondominant unit. 25, 26 This suggestion, however, is not supported by our analysis. We found no difference in the likelihood or speed of neutrophil A higher level of HLA match between the units was associated with engraftment of both units, and this finding was detected at both levels of resolution of HLA match. Incomplete data are a result of time point not reached, lack of assessment during critical illness, or patient death.
DOSE AND HLA MATCH IN DOUBLE-UNIT CB ENGRAFTMENT 3283
BLOOD, 24 MARCH 2011 ⅐ VOLUME 117, NUMBER 12 For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From recovery in engrafting myeloablative CB tranplant recipients regardless of whether day-21 hematopoiesis was accounted for by one or both units. Furthermore, only 3/21 patients with neutrophil recovery before day 21 had both units detected in the day-21 bone marrow evaluation. Although we did not assess chimerism at earlier time points, it is very unlikely that the nonengrafting unit could make a meaningful contribution to hematopoiesis and count recovery because it cannot be detected in the majority of patients on day 21 before the median day of neutrophil recovery, and patients with early neutrophil recovery are not more likely to have engrafted with both units. Hence, any enhancement of engraftment after double-unit CBT may be because of improved conditioning and immunosuppression, increasing the chance of infusing at least one good quality unit 8 and graft-versus-graft interactions.
In regard to HLA match, our analysis reveals extensive donorrecipient HLA disparity with as little as 2/10 to 3/10 HLA match level by high-resolution typing as previously reported, 13, 18 and yet sustained engraftment of such units is possible. We were not able to demonstrate an influence of unit-recipient HLA match at either 6 HLA loci or at 10 HLA alleles on neutrophil engraftment after double-unit CBT. Although our results differ from those reported by Delaney et al 27 who showed an association between better class I allele match and improved time to neutrophil recovery, their data were not analyzed for the dominant unit. The highly immunosuppressive regimens used for transplantation, in addition to the potential attributes of double-unit grafts, may be able to partially overcome the adverse impact of HLA-mismatch on engraftment. Moreover, analysis of a very large number of patients may be required to demonstrate such a relationship, as has been seen with single-unit CBT. 15 Therefore, the influence of HLA match on engraftment as well as other transplantation outcomes after doubleunit CBT should be readdressed in the future. In addition, as previously reported for 4/6 to 6/6 HLA-matching, 4,8 a better HLA-matched unit at high resolution was not more likely to become the dominant unit.
A new finding of practical significance, however, is our observation that unit-unit HLA match at HLA-A, HLA-B antigens, HLA-DRB1 alleles, or at 10 HLA alleles has no bearing on the likelihood of sustained donor engraftment. Because of early concerns about crossed immunologic rejection, a unit-unit HLA match requirement has traditionally been incorporated into doubleunit selection algorithms. 4, 6, 25, 28, 29 However, obeying this arbitrary requirement may dictate the selection of a second unit with a lower TNC dose to fulfill the requirement of HLA match to both the patient and the first unit. Such a strategy could be disadvantageous to transplantation outcome if the second unit is responsible for sustained donor engraftment. Analyses of a larger number of double-unit CB transplant recipients will be required to determine whether unit-unit HLA match could influence other transplantation outcomes such as GVHD, relapse, or survival. Although these studies will be of great interest, our data show that from the perspective of engraftment, the requirement of a certain degree of HLA-matching between the units of a double-unit graft is not necessary.
A further novel observation that has implications for our understanding of double-unit biology is the highly significant relationship between the degree of unit-unit HLA match and the likelihood of both initial and sustained engraftment of both CB units. There is mounting evidence that unit dominance is related to immune interactions between the dominant and nondominant unit. [30] [31] [32] Our findings further contribute to the concept that unit dominance is immune-mediated. The present study confirms earlier findings that a higher infused CD3 ϩ cell dose is associated with unit dominance. 4, 8 More notably, in the setting of less closely HLA-matched units, unit dominance is rapidly established. We hypothesize that this situation results in an enhanced unit-versusunit immune response, whereas closely HLA-matched units are more likely to be relatively tolerant of each other, and thus at least transient coengraftment is possible.
In summary, we demonstrate that the CD34 ϩ cell and CFU dose of the dominant unit and the total TNC dose are critical determinants of engraftment after double-unit CBT, whereas initial engraftment of both units has no effect. Moreover, the percentage of CD34 ϩ cell viability is associated with engraftment success as well as unit dominance. We found no engraftment benefit of a better HLA match at high resolution, although few patients received units with a donor-recipient HLA match equal to or higher than 8/10. Interestingly, a higher unit-unit HLA match is associated with initial engraftment of both units, but has no relationship with the risk of graft failure.
These findings have practical implications for double-unit graft selection, but also highlight the challenges associated with this process. Firstly, the cell dose analyses in this study are based on infused viable doses, and yet unit selection is necessarily based on the cryopreserved dose without consideration of post-thaw yield and viability. In addition, given the importance of the post-thaw dominant unit CD34 ϩ cell and CFU dose, it would be optimal to select units based on these measurements. However, this selection is not possible as prefreeze CD34 ϩ cell and CFU measurements are not standardized between banks, may not reflect post-thaw results, and CD34 ϩ cell and CFU dose estimates from test vials or segments are not usually available. 33, 34 Therefore, currently, TNC dose remains the only practical surrogate measurement for progenitor cell dose. Although we have demonstrated that the total TNC of the graft is strongly associated with engraftment success, our data show that the cell dose of each unit is also equally important because a dominant unit with a low TNC, CD34 ϩ cell, and CFU dose poses the risk of delayed or failed engraftment. However, the dominant unit cannot be predicted at the time of unit selection. Unit quality as measured by the percentage of CD34 ϩ viability is also important as units with poor viability are unlikely to engraft. 8 Based on this study, it is not yet possible to determine a concrete threshold TNC dose for each unit of the graft. Moreover, it is highly likely that the donor-recipient HLA match of the engrafting unit will be a significant determinant of survival after double-unit CBT as has been demonstrated with single-unit CBT. 15 Therefore, although we did not demonstrate that HLA match is important in engraftment in this study, in double-unit selection it is appropriate to balance the importance of cell dose (dominant unit and total graft cell doses) with that of donor-recipient HLA match (clearly established in single-unit CBT outcome). Therefore, we have now increased our threshold for cryopreserved TNC dose from 1.5 to approximately 2.0 ϫ 10 7 /kg for each unit of a double-unit graft. Above this dose, we prioritize 4/6 to 6/6 HLA-A, HLA-B antigen, HLA-DRB1 allele match, taking into consideration the bank of origin (as this may influence unit quality 8 ), but not the unit-unit HLA match. This strategy should augment the chance of engraftment by infusing 2 units with a dose in each unit that should be adequate, but also recognizes the importance of HLA match as shown in single-unit CBT. Higher TNC doses for each unit would be ideal, but this could preclude some patients from receiving a transplant, and could increase the use of units with a greater degree of HLA-mismatch and the consequent risk of GVHD, and possibly the risk of opportunistic infection. Larger studies that will permit multivariate analyses of the effect of graft characteristics on engraftment as well as GVHD, transplantation-related mortality, relapse, and survival are required to further refine unit selection criteria for double-unit CBT.
